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Introduction
Evaporation from a meniscus plays an important role in many applications such as capillary pumped loops, heat pipes, fuel cells and drying of porous media. In this context, the study of evaporation of a liquid confined in a single microchannel can be regarded as a first step before more complex situations such as, for example, networks of interconnected capillaries [1] . In recent years, evaporation driven by mass transfer has been studied experimentally in microchannels of rectangular cross section [2] , as well as in capillary tubes of square cross section [3] . All these works, see also [4] , indicate that evaporation in a channel with corners is much faster than in a channel of circular cross section. This is attributed to the effects of ''thick" liquid films trapped along the channel corners under the action of capillary effects. Because of these films, modelling of evaporation in a channel of polygonal cross section is significantly more involved than for the classical circular tube. A model of liquid flow with evaporation in a channel of square cross section was presented in [5] in relation with the modelling of drying of porous media. Depending on the competition between the capillary, viscous and gravity forces, various evaporation regimes can be distinguished. The regime dominated by the capillary forces was mainly considered in [6] , whereas a modelling of other regimes was presented in [7] . Tubes of triangular or hexagonal cross sections have been considered as well, see [8] where first results on the influence of contact angle are also presented. However, there is a lack of experimental data and, consequently, of quantitative comparisons between the available models and experimental data. In this context, the general objective of the present work is to contribute to fill this gap by combining careful experimental studies with a proper modelling. First results in this direction were reported in [9] but only for a tube in vertical position. Here we consider also the case of a tube in a horizontal position and use the IR thermography technique to analyze in more details the evaporation process. A preliminary version of the present paper was presented in [10] . Here much more details are given, together with additional experimental results.
More specifically, we study evaporation in capillary tubes of square or circular cross section, the internal side length of which is 1 mm, a value lower than the capillary length. As discussed in several previous works (see e.g. [8] and references therein) and sketched in Fig. 1 , thick liquid films can be trapped by capillarity along the four internal corners of a square tube as the bulk meniscus recedes inside the tube under the effect of evaporation. These corner films provide paths for the liquid between the receding bulk meniscus and the entrance of the tube. The liquid is transported within the films under the action of the pressure gradient induced doi:10.1016/j.ijheatmasstransfer.2010.01.008 by the meniscus curvature variation along the films. This effect is therefore termed capillary pumping. As a result, the phase change occurs preferentially at the entrance of the tube as long as the corner liquid films remain attached at the tube entrance. This very efficient transport mechanism of liquid by the films is naturally absent in a circular tube, in which the transport mechanism between the receding bulk meniscus and the tube entrance is the poorly efficient molecular diffusion in the gas phase (this case is usually referred to as the ''Stefan tube" problem [11] ). This explains why evaporation can be several orders of magnitude faster in a tube with corners compared to a circular tube (see [8] ). Adsorbed thin films may also be present over the internal surfaces of the tube not covered by the thick films. However, the hydraulic conductivity of the adsorbed films is very small compared to that of the thick films in tubes of internal side length much greater than the typical thickness of adsorbed films (a few nanometers), as considered here. Hence the effect of the adsorbed films can be neglected in the present case. As discussed in [8] , the wetting contact angle of the liquid must be sufficiently low for the corner films to develop. The value of the contact angle below which the corner films can exist depends on the corner internal angle. For a tube of square cross section (corners internal angle = 90 ), the liquid contact angle h must be less than 45 . The results presented in this paper have been obtained for evaporation of hexane in borosilicate glass tubes, i.e. for an almost perfectly wetting liquid (h % 0 ). Evaporation is self-induced in a stagnant air atmosphere at ambient temperature and atmospheric pressure. Hence, there is no external forced convective flow imposed near the tube entrance.
The paper is organized as follows. The experimental set-up and techniques are presented first. An ombroscopy visualization technique is used to track the volume of liquid contained in the capillary during evaporation and thus to measure the evaporation rate. A distinguishing feature of the present work is to couple this rather standard ombroscopy technique with an infrared (IR) thermography technique. The use of the IR technique in the present context is detailed in the third section of the paper. Then, in Section 4, we present some representative results illustrating the interest of combining the two types of visualizations for analyzing evaporation in capillary tubes. The paper ends with an analysis of the results using a simple model of liquid flows within the corner films.
Before going into the details of the present work, it is interesting to notice that an IR technique has already been used for studying evaporation in capillary tubes. In [12] , IR measurements of temperature along the meniscus interface of volatile liquids in capillary tubes of circular cross section were reported. Interestingly, these measurements show that the temperature is not uniform along the meniscus interface and lower at the meniscus triple line where the evaporation rate is greater than in the middle of the meniscus. Hence the IR technique was shown to be a valuable tool for detecting the temperature sink effect associated with evaporation, a feature we also use in the present study. However, the results reported in [12] were for circular tubes (as opposed to square tubes in the present case) and for a stationary meniscus located at the tube entrance (as opposed to receding ones in the present case).
Experimental set-up
The 10 cm long square capillary tubes used in the present study are made of borosilicate glass: the internal side length and the wall thickness of the tubes are 1 mm and 0:2 mm respectively (Vitrocom). A tube with a circular cross section (internal diameter 1 mm, wall thickness 0:2 mm) is also used as a reference case for some experiments.
A capillary tube is glued by an epoxy resin directly to a syringe tip. The syringe is placed on a precision syringe pump (PHD 2000, Harvard Apparatus), allowing accurate filling of the tube by the volatile liquid (here, n-hexane). It is possible to position the capillary tube either vertically or horizontally, in order to assess the influence of gravity. The room temperature is controlled by an air-conditioning system. The experimental set-up is placed inside a Plexiglas enclosure which helps to further stabilize the temperature in the environment of the tube. The temperature of the air inside the enclosure is monitored by thermocouples and remains constant for the entire duration of the experiment, which can last several hours. This temperature control is crucial to avoid a possible effect of dilatation/contraction of the liquid with variations of the ambient temperature, which can distort the evaporation rate measurement.
The visualizations are done using a Phlox white LED backlight as a light source, which provides a constant and uniform light intensity and does not release heat in the strobe mode used in the present experiments. Images are acquired with a CCD camera (Sensicam, PCO). The capillary tube is placed between the light source and the camera. This ombroscopy configuration is often used to detect the location of an interface between two fluids. In the present case, the liquid and gas phases regions appear as bright on the images whereas the bulk meniscus appears as dark because light rays are deviated by the curved interface. Therefore, after binarization of the images, the position of the bulk meniscus can easily be detected (here, it is taken at the most advanced point of the gas phase into the tube, see Fig. 1 ). Image processing is done using the Matlab Image Processing Toolbox.
The IR thermography measurements are made using a 14-bit Focal Plane Array camera-type (Jade MWIR, Cedip) with a spectral band sensitivity ranging from 3:6 to 5:2 lm and a 320 Â 240 pixels 2 sensor cooled to 79 K by a Stirling engine. The IR detector integration time is set at 1 ms. The optical axis of the infrared camera is perpendicular to the ombroscopy visualization axis. As Plexiglas is not transparent to IR radiation, an opening in one of the enclosure panels is made: it also allows the infrared camera optics to be placed close enough to the tube in order to have the necessary spatial resolution (see Section 3.2). The external side of the tube placed in front of the infrared camera has been previously painted with a spray of mat black colour. The radiative properties of the paint, in the infrared, have been estimated [13] : it is opaque in the band spectral sensitivity of the camera and its emissivity is 0.94. Therefore, reflection of the environment at ambient temperature on the capillary external surface is limited. To calibrate the camera, a black body (DCN 1000 N4, HGH), consisting of a 100 mm Â 100 mm black surface (emissivity b of 0.98), is used.
Both cameras and light source are synchronized through a signal generator. The infrared images processing is performed using the Matlab Image Processing Toolbox.
Infrared thermography
Measuring accurately the temperature, and its spatial variations, at the outer surface of the capillary tube requires to analyse the different contributions of the radiative flux impinging on the IR camera detector when imaging the capillary tube on one hand and the black body on the other hand (during calibration). The analysis detailed below in Section 3.1 takes into account the effects of ''unwanted" fluxes and permits to set-up the method used to process the IR images. Then, the exploitation of the IR results is detailed in Section 3.2 and the accuracy and limitations of this measurement are discussed.
Infrared images processing
The radiative flux U m (in W m À2 ) received by the detector of the IR camera can be expressed as:
In this expression, the absorption of radiation by air is neglected because of the short distance between the tube and the camera (always inferior to 10 cm) on one hand, and the low humidity in the room in the other hand. To be rigorous, this equation should also include view factors between the radiative sources and the IR detector and a transmission coefficient to take into account radiation absorption by the camera lens. However, as their introduction do not change the results of the following discussion, they will be omitted to lighten the notations.
The first term of the right-hand side of Eq. (1) is the product of /ðTÞ, the emittance of a black body at surface temperature T, and the emissivity of the observed surface. The second term in the right-hand side of Eq. (1) is the contribution of the reflection of the environment at ambient temperature T a on the observed surface. The last term in the right-hand side of Eq. (1) is the contribution of all ''unwanted" fluxes which are due to the three following effects [14] . First, the so-called ''Narcissus" effect which is caused by the reflection on the imaged object of the temperature contrast between the cooled IR detector and the hotter detector environment. The Narcissus effect generates a roughly concentric signal gradient on the IR image. For instance, when a highly reflective surface, with an uniform temperature field is observed, the signal in the centre of the obtained IR image can be significantly lower than that in the periphery [14] . Second, an illumination flux, coming from non-focussed objects present behind the object imaged. This is to be considered especially when imaging objects occupying a small portion of the viewing field (which was the case here, when working with a capillary tube). Finally, an effect produced by nonfocused radiation from ''inside" the camera (including notably the radiation to the detector from the camera lenses, the temperature of which is higher than T a , due to the heat dissipation produced by the Stirling motor). This latter effect and the Narcissus effect depend on the IR camera temperature, which is noted T c and is higher than T a . It is important to note that the magnitude of these unwanted fluxes does not depend on the temperature of the imaged object, but only on the ambient temperature and on the temperature of the camera. In addition, the relative amplitudes of these effects depend on the object imaged during the present experiments. When it is the large surface (relative to the viewing field) of the black body, the illumination effect is negligible. When the imaged object is a capillary tube, the three effects are present. Note that the Narcissus effect is then more pronounced than with the black body because the emissivity of the paint is lower than that of the black body. The camera detector responds linearly with the radiative flux U m , between the detector noise and saturation levels (the latter was never reached in the present experiments, given the short detector integration time used and the fact that the measured temperatures did not exceed 30 C). The signal obtained at one pixel of the detector is proportional to the radiative flux received by this pixel:
where DL m;i ðT; T a Þ is the signal given by a pixel i of the IR camera detector expressed in digital levels (DL). As a focal plane array IR camera is used in the present study, each pixel has its own value for the gain A i and offset B i . Because of the unwanted fluxes and of the different gain and offset values for each pixel, a perfectly uniform image (in DL) would never be obtained when imaging a surface at a perfectly uniform temperature. This becomes a problem when small temperature variations compared to the ambient temperature have to be detected as it is the case in the present study. Indeed, the amplitude of the signal of interest may be then ''concealed" by the effects of the unwanted fluxes and of the IR detector non-uniformity. To get rid of this problem and be able to detect with confidence low temperature variation compared to the ambient, the following calibration procedure was used. Using Eqs. (1) and (2), the signal obtained at a given pixel when imaging the black body can be expressed in digital levels as (the subscript i will be omitted in the following): 
In practice, the measurement of DL m ðT a ; T a Þ is performed before the black body is turned on, when it is at thermal equilibrium with the environment. Then, it is turned on and several temperatures of black body are set, to measure DL m ðT b ; T a Þ. The function gðT b Þ is a calibration curve for the pixel considered. A typical calibration curve is shown in Fig. 2 . The temperature range used for calibration (5-40 C) slightly exceeded the range of temperature obtained in the experiment (15-25 C) . The sensitivity of the measurement can be appreciated by noting that a 1 K variation in the blackbody temperature results approximately in a signal variation of 100 digital levels, in the range of temperature that is actually measured in the experiments (15-25 C).
The signal obtained at the detector pixel of interest when imaging the capillary tube reads, in terms of digital levels:
where DL uw;tube ðT a ; T c Þ is a corrective term taking into account the different contributions of the unwanted fluxes when performing a measurement on a capillary tube, compared to the measurement with the black body, namely a slightly more pronounced Narcissus effect (as the capillary tube surface has a less emissive surface, compared to that of the black body) and the presence of an illumination effect. Again, remarking that DL m ðT a ; T a Þ ¼ DL 0 ðT a ; T a Þ þ DL uw;tube ðT a ; T c Þ and using Eq. (5) leads to:
Here DL m ðT a ; T a Þ is measured by imaging the capillary tube when it is empty and at ambient temperature and DL m ðT; T a Þ is an image measured during the experiment. The function f ðT) is defined for each pixel and is obtained from the calibration curve gðTÞ and the knowledge of both the tube paint and blackbody emissivities. It can be fitted by a fourth degree polynomial that is used to convert any measured signal in digital levels back to temperature. The above result shows that subtracting an image of the scene at ambient temperature to every IR image obtained during the experiment allows to take into account the effects of the unwanted fluxes. It is important to note that this method works if the ambient temperature is the same during experiment and calibration, and if the magnitude of the unwanted fluxes does not depend on the capillary tube temperature T. Using the data processing presented above, involving images subtraction and pixel by pixel calibration, is somehow similar to a data processing involving a ''direct calibration" technique, see for instance [15] . Fig. 3a shows a typical ''raw" IR image, i.e. without subtraction of the image at ambient temperature, obtained at the beginning of an evaporation experiment. A cooling effect due to the evaporation of hexane is detected at the top region of the tube, which appears darker on the image (lower IR signal). In Fig. 3b , the IR signal along the transverse profile shown as a line in Fig. 3a (located in the cooled region) is plotted. First, it must be noted that, with the camera lens used (G1, Cedip), the tube width is imaged over roughly 30 pixels (hence the spatial resolution is approximately 21 pixels mm À1 ). Even if the slit response function of the IR system (optics and camera) was not measured in the present study, we expect that such a large spatial resolution is enough to avoid any effect of signal lowering for the signal coming from the tube wall imaged by the system [16] . In Fig. 3b , it can be seen that the signal is roughly constant in the centre of the tube (from pixel 25 to pixel 40). The two signal troughs observed at both tube edges are attributed to an effect of the tube curvature, which changes the tube apparent emissivity (the external curvature radius of the capillary tube, measured by imaging cross sections of the tube, is estimated to be roughly 250 lm). Therefore, the capillary tube surface temperature is con- sidered to be constant on every transverse profile and is obtained by averaging the signal over the 10 central pixels (ie from pixels 28 to 38 for the transverse profile shown in Fig. 3b ). The standard deviation is typically found to be around 5-10 digital levels, which gives an estimate of the temperature measurement uncertainty that is AE0:05-0:1 K. Longitudinal temperature profiles can be obtained by plotting the tube temperature (determined as just explained) as a function of the distance to the tube opened end. Fig. 4a shows a typical raw IR image obtained at the end of an evaporation experiment. As the evaporation rate is then very low, no cooling effect can be straightforwardly detected in this noisy picture, contrary to Fig. 3a. Fig. 4b shows a longitudinal temperature profile, along the height of the region of interest (ROI) highlighted by the solid rectangle in Fig. 4a (signal averaging being performed along the width of the ROI, as said before). Fig. 4c shows the same image as in Fig. 4a , after subtraction of the image at ambient temperature and Fig. 4d the same signal profile as in Fig. 4b . On this signal profile, a temperature minimum, associated with the cooling due to evaporation, is clearly discernible and can be easily located. Its amplitude is À30 digital levels, that is roughly À0:3 K compared to the ambient temperature and its location is 145 pixels from the top of the ROI. This slightly cooled region can also be seen in Fig. 4c , where it appears lighter. The magnitude and location of this cooling effect cannot be obtained using the temperature profile shown in Fig. 4b as it is ''masked" by the effect of unwanted fluxes, such as the Narcissus effect, and the non-uniform IR detector response. Detection of the temperature minimum location and magnitude on raw IR images, without subtraction of the image at ambient temperature, will lead to erroneous results as soon as the signal variation due to the cooling to be detected is of the same order of magnitude than that due to the unwanted flux and detector non-uniformity effects, which can be estimated to be approximately 50 digital levels (which corresponds to % 0:5 K). Fig. 4 illustrates the ability of the present IR image processing, based on an image subtraction technique associated with a pixel by pixel calibration, to detect very small cooling of tube wall. After careful inspection of some typical IR images, it is estimated that cooling as small as 0:05 K can be detected.
IR measurement exploitation
The above procedure is also applied to a circular tube (one half of the external diameter was then painted in black). Due to the curvature of the tube external wall, the signal is not constant along a transverse profile. Nevertheless, as the depth of field of the IR optics is larger than the tube external half diameter, the IR signal is measured properly, i.e. without signal lowering, along such a transverse profile. Also, the signal minimum, expressed in digital levels on the IR images, can be detected with confidence. It must be mentioned that converting this signal back to temperature (which was not necessary for the present study) would imply to consider the paint being diffuse and to correct the measurement for tube roundness.
Experimental results
In this section, some experimental results obtained using the experimental set-up and techniques detailed above are presented. Typical evolutions of the bulk meniscus position z 0 as a function of time, in a capillary tube positioned either vertically or horizontally, are shown in Fig. 5 . When the tube is positioned horizontally (crosses in Fig. 5 ), the bulk meniscus position z 0 evolves linearly with time: the evaporation rate, which is proportional to dz 0 =dt, is therefore constant (note the position z ¼ 0 corresponds to the top of the tube and thus z 0 is increasing when the bulk meniscus recedes into the tube). When the tube is positioned vertically (dots in Fig. 5 ), two distinct periods are seen. First, as long as z 0 < 18 mm, the evaporation rate is roughly constant and slightly lower than that measured in the horizontal case. Then, for z 0 > 18 mm, the evaporation rate decreases suddenly and then keeps on decreasing as time goes on. To illustrate the increase in the evaporation rate induced by the presence of the corner films in a capillary tube of square cross section, the evolution of z 0 measured for hexane evaporating from a circular capillary tube of 1 mm internal diameter, under the same conditions as for the square tube, is also plotted in Fig. 5 (circles) . As can be seen from Fig. 5 , the presence of the corner films considerably accelerates the evaporation whatever the tube orientation is, as expected. It also must be noticed that the evaporation kinetic measurement for the circular cross section tube is in very good agreement with the classical analysis of evaporation in a circular tube, often referred to as the Stefan diffusion tube problem [11] . The corresponding theoretical prediction is shown as a solid line in Fig. 5 and corresponds to a temporal evolution of z 0 as [11] : where D ¼ 0:081 cm 2 s À1 is the diffusion coefficient of hexane in air [17] , M ¼ 86:18 g mol À1 the molecular weight of hexane, q l ¼ 660:6 kg m À3 the density of liquid hexane, N a the Avogadro constant, k b the Boltzmann constant, T a ¼ 296 K the ambient temperature, P a ¼ 1 bar the atmospheric pressure, P 1 ¼ 0 the partial pressure of hexane at the tube exit and P s ¼ 0:185 bar the saturation partial pressure of hexane at ambient pressure and temperature (T a ; P a ) [18] .
As explained in the previous section, the IR thermography technique allows to measure the temperature profile along the external wall of the capillary tube. Several longitudinal temperature profiles corresponding to various positions of the bulk meniscus are shown in Fig. 6 , for the case of the square tube held vertically. The existence of a minimum for the temperature evolution along each profile is clearly displayed. This minimum is induced by the cooling sink effect due to evaporation. Noting that the evaporation process is slow and the tube wall relatively thin, the assumption that the minimum temperature location corresponds to the location where most of the phase change takes place within the tube will be made in the following, as in [12] . To support this assumption, the characteristic time for heat conduction within the tube wall can be eval-uated and shown to be much shorter than a characteristic time for evaporation. Borosilicate thermal diffusivity is Oð10 À7 Þ m 2 s À1 . For a wall tube thickness of 0:2 mm, the characteristic time for heat diffusion within the tube wall is s d % 0:4 s. This time is very short compared to a characteristic time for evaporation s c which can be taken as s c ¼ d=ðdz 0 =dtÞ, where d is the tube internal side length (d ¼ 1 mm) and dz 0 =dt the velocity at which the main meniscus recedes during the experiment. This receding velocity is at most 0:015 mm s À1 in the present experiments (see Fig. 5 ) and therefore s c % 65 s ) s d . Fig. 7a shows the evolution of the minimum temperature location, z min , as a function of z 0 , in the case of a circular tube. The minimum temperature position corresponds almost perfectly with the receding meniscus position as expected for a circular tube. This confirms that the phase change location can be directly associated with the minimum temperature position, as already shown in [12] . The % 0:5 mm constant offset is due to the fact that the minimum temperature is necessarily positioned slightly above the position of the bulk meniscus z 0 , which is defined here as the most advanced point of the gas phase into the tube. The evolution of the minimum temperature location for the square tube is now discussed. Typical evolutions of z min as a function of z 0 , in a tube positioned either vertically or horizontally, are shown in Fig. 7b . The evolution of z min as a function of z 0 is different from the circular tube case shown in Fig. 7a and now depends on the tube orientation. In the horizontal case (crosses in Fig. 7b ), the minimum temperature position remains constant and very close to the tube entrance over the whole range of bulk meniscus position investigated. This contrasts sharply with what is observed when the tube is positioned vertically (dots in Fig. 7b ). In this case, as long as z 0 < 18 mm; z min is located at the tube entrance ðz min % 0Þ, as when the tube is held horizontally. As soon as z 0 P 18 mm, the tube wall temperature minimum location z min starts receding within the tube, increasing quasi-linearly with z 0 . Together with Fig. 5, Fig. 7b illustrates the remarkable effects associated with the corner liquid films. The location of the phase change is not at the bulk meniscus in contrast with tubes of circular cross section and the evaporation rate is much greater owing to the capillary pumping through the corner films which results in a location of the phase change at the tube entrance or much closer to the tube entrance than for a circular tube (in the vertical case for z 0 > 18 mm).
The tube wall minimum temperature T min as a function of z 0 is shown in Fig. 8 . In the horizontal case (crosses in Fig. 8 ), T min remains constant, T min % 17:5 C. In the vertical case, the value of T min is similar to that measured for the horizontal case at the beginning of the experiment. Then, T min begins to increase slightly until z 0 % 15 mm. Consistently with the results shown in Figs. 5 and 7b , T min increases rapidly when z 0 % 18 mm. Over the last period after the rapid variation around z 0 % 18 mm; T min slowly tends toward the room temperature. These observations show that the information provided by the visualization and IR thermography are consistent: high cooling when evaporation is fast, low cooling when evaporation is slow.
All the previous results highlight the precious pieces of information about the evaporation process obtained by the combined use of infrared thermography and visualizations by ombroscopy. At this stage, we are left with an explanation for the difference observed between the horizontal and vertical cases. This is the subject of the next section.
Discussion
Qualitatively, the interpretation of the experimental results is as follows. In the horizontal case, it is conjectured that the thickness of the corner film remains essentially constant whatever the position of the bulk meniscus within the tube is. As a result, the phase distribution at the tube entrance does not change significantly as the bulk meniscus recedes. Since the evaporation rate is controlled by what happens at the tube entrance region, a constant evaporation rate must follow from the absence of significant evolution of the phase distribution, which is in agreement with the experimental results, see Fig. 5 . This picture is also consistent with the fact that the minimum temperature location remains stuck at the tube entrance and that the value of this minimum temperature remains constant, see Fig. 7b and Fig. 8 . In agreement with the results presented in [9] for a case where the evaporation cooling effect is negligible, it is conjectured that, in the vertical case, the effect of gravity leads to a progressive thinning of the films as the bulk meniscus recedes into the tube and therefore to a variation of the evaporation rate (Fig. 5 ). The abrupt change in Figs. 5, 7b and Fig. 8 around z 0 % 18 mm should correspond to the moment when the tip of the corner films begins to recede inside the tube. Also, the evaporation rate significant decrease for z 0 > 18 mm reported in Fig. 5 is consistent with the fact that the receding of film tip implies the occurrence of an additional mass transfer resistance corresponding to the diffusive transport in gas phase from the film tip to the tube entrance. The film tip is viewed here as the location where the phase change takes place. According to this analysis, the film tip location corresponds therefore to the temperature minimum location, z min , and the length of the corner film is given by z 0 À z min . This qualitative analysis can be supported using a simple model of flow within the films. Following Coquard et al. [7] , the liquid flow rate within each of the four corner films can be expressed as:
where l l is the liquid viscosity and b is a dimensionless resistance depending on the shape of the corner and on the boundary condition at the liquid-air interface. For a free boundary condition at the liquid-gas interface, a perfectly sharp corner and a perfectly wetting liquid, b ¼ 113 [19] . The film tip location is noted z f and, according to the present analysis, corresponds to z min . In Eq. (8), A c is the cross section area of the film at position z. It can be expressed as:
where the geometrical factor k is given by k ¼ cos 2 hðcosh þ sinhÞÀ p=4 þ h where h is the liquid contact angle [8] . As sketched in Fig. 9a , R is the corner film meniscus curvature radius in the tube cross section plane and is a function of z. Note that the longitudinal curvature, i.e. the curvature along the tube axial direction z, is neglected in this simple model. The longitudinal curvature affects the shape of the elongated films very close to their tips, as can be checked on high magnification images of the films tips. Clearly, if the longitudinal curvature were to be non-negligible compared to the transverse one (1=RðzÞ), it would be in this region of the films, which is of a very limited spatial extension. Thus, as far as the consequence on the description of the evaporation phenomenon is concerned, it can be expected that to take into account the longitudinal curvature would result only in a marginal correction to the case where only the transverse curvature is considered. Recently, Yang and Homsy [20] have studied the case of an elongated liquid film in a V-shaped wedge, with an imposed axial temperature gradient. The stationnary film shape is fixed by the competition between the Marangoni stress and the capillary pressure gradient. They have shown that to neglect the longitudinal curvature is justified over the full film extension, by deriving an expression for the capillary pressure drop and showing that it is dominated everywhere by the transverse curvature term compared to the axial one (note this remains true as long as the sum of the contact angle and of the corner half-angle is not p=2, which is the case in the present study, where h % 0 and the half-angle is p=4). In the present model, the film tip region is thus modelled as a region of sharp transition where the film thickness goes very abruptly from a finite positive value to zero, as sketched in Fig. 9b (see [8] for more details). The pressure in the corner film, p l , is linked to the surface tension c and curvature of the liquid interface by Laplace's law. With the assumption of a negligible contribution of the curvature in the z direction, this gives:
Under the assumption that the shape of the bulk meniscus is essentially identical to its quasi-static shape, in the absence of gravity forces, we have for a perfectly wetting liquid:
where d is the internal side length of the square tube [21] . Therefore R ¼ d=3:77 at z ¼ z 0 . Combining the previous equations leads to the following expression for the liquid flow rate in one corner:
As shown in [6] , the transport of liquid vapour by diffusion in the gas phase is only significant in the film tip region and can be neglected further below in the tube. As in [5] or [8] , we assume therefore that the phase change takes place only at the tip of the films. Consequently, the flow rate q does not change with z and can be computed from the experimental data using the mass balance equation: 
As can be seen from Fig. 10 , Rðz f Þ is found to decrease significantly with z 0 , as expected. In contrast, the same procedure applied to the horizontal case, i.e. taking g ¼ 0, leads to negligible variations of Rðz f Þ, i.e. Rðz f Þ % Rðz 0 Þ, in agreement with the analysis of the experimental data proposed at the beginning of this section.
Interestingly, Fig. 10 shows that the thinning of the film is essentially due to gravity effects at the beginning of evaporation since the evolutions of Rðz f Þ given by Eqs. (18) and (20) are very close for small z 0 . Then, viscous effects become increasingly important and contribute to the film thinning in addition to gravity effects. This is clearly seen from the increasing discrepancy between the purely hydrostatic evolution of Rðz f Þ (solid line) and the evolution including the viscous effects (crosses in Fig. 10 ), at least up to z 0 % 18 mm. This is explained as follows. First, we note that the evaporation rate is essentially constant for z 0 < 18 mm (see Fig. 5 ). At the very beginning of the evaporation experiment, the cross section area of the film, which varies as R 2 according to Eq. 9, is the largest and the velocity induced within the film is not sufficient to generate a significant pressure gradient, due to viscous effects, compared to the hydrostatic one. Then, as the film cross section area diminishes, this velocity increases. As a result Table 1 Values of capillary and bond numbers. For the vertical tube case, the maximum and minimum values correspond to the two distinct periods seen in Fig. 7 , and are obtained respectively before and after the depinning of the corner film from the top of the capillary tube.
Bo
Ca (min-max)
Horizontal 0 % 4 Â 10 À5 Vertical 0.36 1:76 Â 10 À6 -2:13 Â 10 À5 the pressure gradient due to viscous effects increases and eventually becomes non-negligible compared to the hydrostatic pressure gradient. This contributes in turn to thin the film further (from Eq. 12, the pressure gradient induced by viscous effects roughly scales as q=R 4 ). As can be seen from Fig. 10 , the film tip thickness decrease is significantly slower for z 0 > 18 mm, i.e. when the film tip recedes into the tube. Owing to the additional mass transfer resistance due to diffusion in gas phase between the film tip and the tube entrance, the flow rate within the film diminishes. As a result, the pressure gradient generated by viscous effects tends to decrease and the discrepancy between the purely hydrostatic model and the model including the viscous effects tends to reduce. However, the viscous effects are crucial to limit the extension of corner films since according to Eq. (20), 1=Rðz f Þ diverges with z f À z 0 in the purely hydrostatic case.
We conclude that the model used here is fully consistent with the analysis of the present experimental data presented at the beginning of this section. One question, however, is why the thickness of the film is not zero at the receding film tip but remains positive (it is roughly equal to 37 lm, which corresponds to a corner film meniscus radius of curvature of 90 lm, see Fig. 10 ). Physically, we expect that the film completely dries out (regardless of possible adsorbed films) when the bulk meniscus has sufficiently receded into the tube. The explanation could be due to the fact that the model considered here is based on some too crude assumptions in the film tip region, which is essentially modelled as a discontinuity region between the film and the dry zone developing in the entrance region of the tube when the tip film recedes inside the tube, see Fig. 9c . More refined models would imply a much more detailed analysis of liquid flow and diffusive transport in the film tip region as well as the consideration of temperature variations. For example, it was shown in [12] that Marangoni convection may exist in the liquid right below the meniscus in a circular tube. Although the impact of the Marangoni convection on the overall evaporation rate is unclear, Marangoni convection may also affect the transfers in corner film tip region.
However, a simpler explanation can be proposed. Regardless of the complexity of the transport mechanisms details in the film tip region, the results presented in the present paper suggest that the introduction of a cut-off film thickness within the framework of the present model would provide an attractive and simple approach to the modelling of evaporation in tubes of polygonal cross section.
In fact, contrary to what is assumed in the modelling, the tube internal corner is not perfectly sharp for the square tube used in the experiments. As shown in Fig. 11 , visualizations at high magnification of the tube corner show that the corner is in fact rounded with an internal curvature radius of about 100 lm. This introduces a geometrical cut-off film curvature radius, which is fully consistent with the results reported in Fig. 10 . It is should be pointed out, however, that using the cut-off thickness introduced by the degree of roundedness of the tube internal corners together with the simple model presented in this paper only represents a simplified approach, which has the advantage to be semi-analytical and can be sufficient for qualitative parametric studies or, as here, which can be used as a tool to interpret experimental results. As briefly described in [9] , accounting properly for the corner internal roundness makes the modelling significantly more involved since the corner degree of roundedness non linearly affects the hydraulic conductivity of the films [19] . In particular, this implies to develop a numerical approach for solving the flow problem within the films in conjunction with a proper accounting of the coupled heat and mass transfers controlling the evaporation rate. This is left for a future work.
Conclusion
In the present work, the use of an IR thermography technique, coupled with visualizations by ombroscopy, enabled us to highlight the dynamic of thick liquid corner films as well as their impact on the evaporation process. A specific infrared thermography data processing based on the proper consideration of all important radiative fluxes has been developed in order to measure the temperature of the capillary tube external wall with a good accuracy. This permits to track the bulk meniscus position evolution as well as the evolution of the tube wall temperature minimum, i.e. the films tip position. The dynamic of the film is controlled by the competition between the capillary, gravity and viscous effects. When the tube is horizontal (no gravity effects), the evaporation rate is constant and the films extend up to the entrance of the tube in accordance with the predictions for the ''capillary regime" presented in previous works [6, 7] . When the tube is vertical, the films remain attached to the tube entrance in a first phase and the evaporation rate is comparable to the horizontal case. In a second period, the films tip recedes into the tube and the evaporation rate slows down significantly. A simple analysis based on a previous model, [8] , shows that this is due to the progressive thinning of the film under the action of both gravity and viscous effects. Our results are consistent with previous modelling attempts [6] [7] [8] . However they suggest that a more refined modelling is needed to obtain good quantitative predictions of evaporation from a single polygonal tube. In particular, the roundness of cosh À 1ÞR % 0:41 R for h % 0 , as is the case in the present study. Fig. 11 . Roundness of the square capillary tube internal corner, as visualized by an optical microscope with a 20Â magnification. Rough measurements of the corner roundness over the tube four corners lead to a mean value of 100 lm over the 4 corners with a standard deviation lower than 10 lm.
the tube internal corners must be incorporated in the analysis. It was pointed out in [8] that somewhat tiny details of the tube geometry can be of great effect on the evaporation process. The results presented here confirm this experimentally. Although evidenced in this paper for a single tube, this should be also true for more complex systems such as a microfluidic system made of interconnected channels or a porous medium.
